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Summary: Endocrine disruption refers to the ability of chemicals to interfere with hormonal systems, and
has raised considerable concern in recent years. Endocrine disruptive chemicals (EDCs) pose a documented
risk to wildlife and have the potential to negatively influence human health. Many modern synthetic com-
pounds are readily metabolized to more polar forms that often contain hydroxy groups. This presence of
polar groups and aromatic moieties in the parent compound or metabolite can play an important role in the
mechanism of endocrine disruption. In addition, phase II metabolism (e.g., glucuronidation) can also lead
to deactivation of the endocrine properties. The aim of this work was to predict protein binding of metabo-
lites for some endocrine disrupting chemicals.
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ITPOTEMHHO CBBP3BAHE HA METABOJIMTUTE IIPU
HAKOU CBEJUMHEHUSA C ECTPOI'EHHA AKTUBHOCT

SIna Konera', Ceeriiana I'eopruea’

2Karenpa “@apmanms”, MeIUIIMHCKH KOJIeXK TpH YHUBepcuTeT ,,[Ipod. 1-p Acen 3marapos” - Byprac

Pe3tome: [Ipe3 mocieHUTE FOAMHH, CTAaHA SICHO, Y€ MOATHCKAHETO Ha (DYHKIIMUTE HA CHIOKPHHHATA CHC-
TeMa ce JIbJDKH Ha CIIOCOOHOCTTA Ha HAKOM ChEAMHEHMS J1a OKa3BaT BIMSIHUE BbPXY XOPMOHAIHATA O0OMSI-
Ha. Harpynas e ronsim Opoit 1aHHM 3a BpeqHus e()eKT Ha CheAMHEHUSITA C €CTPOTCHHA aKTUBHOCT BbPXY
JIBATa MPHUPOJA U OTPUIATEIIHOTO BIHMSIHUC BHPXY YOBEIHIKOTO 37paBe. MHOTO CHHTETUYHU ChCIWHCHHUS
MeTa0OoIU3UPaT 10 MO-TOJSIPHU (POPMH, KOUTO YECTO ChIBPKAT XUAPOKCUIHA Tpyma. ToBa MPUCHCTBHE
Ha TIOJISIPHY TPYIH M apOMaTHA YacT Ha U3XOAHOTO ChEAMHCHHE MM METa0OIUTUTE My MOXKE Jla U3UTpae
Ba)KHA POJIS B MEXaHW3Ma Ha €HJOKPUHHOTO AeiicTBre. OcBeH ToBa, (hasza II Ha meTabonu3ma (Hamp. Tiro-
KypOHHUPAHETO) MOXKE Jia JIOBEIE JI0 IcaKTUBaIus Ha PYyHKIMHUTE HA eHJOKpUHHATA cicTeMa. LlenTa Ha Ha-
crosiiara paboTa e Jia ce Mpe/ICKaKe MPOTEHHOBOTO CBbP3BaHE HA META0OIUTUTE [IPU HIKOU ChEIUHEHHS

Y. Koleva, S. Georgieva

C €CTPOIrCHHAa AKTUBHOCT.

KirouoBu AYMHU: CBEANHEHNA C €CTPOTCHHA aKTUBHOCT, MeTa6OJH/ITI/I, TMIPOTENHOBO CBBP3BaHE

Introduction

Since the middle of the last century, many indus-
trial chemicals and pesticides have been introduced
into the environment. Many of these compounds are
chlorinated aromatic structures, which are not easily
metabolized, resulting in bioaccumulation or biomag-
nification. This bioaccumulation process has caused
unwanted side effects in nontarget species, particu-
larly those at higher trophic levels in the food chain.
With growing awareness of these problems, various

persistent halogenated compounds have gradually
been banned from use. Since then, environmental
levels in biota have decreased slowly during the last
decades. As a replacement, new products have been
developed that are less hydrophobic than organochlo-
rines, and consequently do not accumulate in humans
and wildlife. The capacity of an organism to metabo-
lize a compound to more polar products is often con-
sidered to be a detoxification mechanism. Further-
more, the presence of polar hydroxy groups in parent
compounds often prevents bioaccumulation. In addi-
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tion, introduction of even more polar groups such as
glucuronides or sulfates further increases the ability
of an organism to eliminate the compound [11, 18].

A disadvantage of this approach is that the pres-
ence of hydroxy groups and complicated structures
with aromatic moieties may bear resemblance to
steroid structures. As a result, less bioaccumulative
compounds such as alkylphenols, phthalate esters,
and methoxychlor have shown biological activities
similar to estrogens or androgens. These compounds
can act as either (partial) agonists or antagonists for
steroid receptors such as the estrogen receptor. Such
interactions may have consequences for (sexual)
development, reproduction, and the formation of
hormone-dependent tumors. Thus, subtle differences
among molecules, such as the presence or absence
of an OH group, can lead to significant changes in
their ability to bind to steroid receptors or inhibit
steroidogenic enzymes. The presence of an OH and/
or aromatic group plays a significant role in both
steroid metabolism and receptor binding [19, 20].
Thus, biotransformation plays a significant part in
the endocrine-disrupting properties of a compound.
On the one hand, the introduction of an OH group
may bioactivate the parent compound by forming a
metabolite that can interact with a steroid receptor
or steroidogenic enzyme. On the other hand, a rapid
phase II metabolism producing glucuronides or sul-
fates helps the organism to eliminate the parent com-
pound from the body, reducing the opportunity for
adverse effects. The aim of this work was to predict
protein binding of metabolites for some endocrine
disrupting chemicals.

Material and methods

1. OECD (Q)SAR Toolbox.

The OECD (Q)SAR Application Toolbox is soft-
ware tool used in regulatory toxicology to fill gaps in
(eco)toxicity data. They include different SAR and
QSAR models for estimating (eco)toxicological end-
points. (Quantitative) Structure-Activity Relation-
ships [(Q)SARs] are methods for estimating proper-
ties of a chemical from its molecular structure and
have the potential to provide information on hazards
of chemicals, while reducing time, monetary cost and
animal testing currently needed [10].

2. Observed microbial metabolism.

Degradation pathways used by microorganism
to obtain carbon and energy from 200 chemicals are
stored in a special file format that allows easy com-
puter access to catabolic information. The collection
includes the catabolism of C1-compounds, aliphatic
hydrocarbons, alicyclic rings, furans, halogenated
hydrocarbons, aromatic hydrocarbons and haloaro-
matics, amines, sulfonates, nitrates, nitro-deriva-
tives, nitriles, and compounds containing more than
one functional group. Most of pathways are related
to aerobic conditions. Different sources including
monographs, scientific articles and public web sites
such as the UM-BBD [4] were used to compile the
database.

3. Microbial metabolism simulator.

The original CATABOL simulator of microbial
metabolism is implemented in the system [2, 3, 6].
Single pathway catabolism is simulated using the
abiotic and enzyme-mediated reactions via the hierar-
chically ordered principal molecular transformations
extracted from documented metabolic pathway data-
base. The hierarchy of the transformations is used to
control the propagation of the catabolic maps of the
chemicals. The simulation starts with the search for
match between the parent molecule and the source
fragment associated with the transformation having
the highest hierarchy. If the mach is not found search
is performed with the next transformation, etc. When
the match is identified, the transformation products
are generated. The procedure is repeated for the new-
ly-formed products. Predictability (probability that
the metabolite is observed, given that the metabolite
is predicted) evaluated on the bases of documented
catabolism for 200 chemicals stored in the database
of “Observed microbial catabolism” is 83%.

4. Ligand-binding pocket and interaction mech-
anisms. The region of the receptor-binding site not
occupied by the receptor and thus available to the lig-
ands and their analogues is called Receptor-excluded
volume (RExV) [16]. An attempt to determine the
volume of this map was done by superimposing mo-
lecular skeletons of known-high affinity ligands [9].
Based on the models for the ligand-binding pocket
one could anticipate that the binding affinity is con-
ditioned by electronic and hydrophobic interactions.
Besides the traditional two sites interacting with the
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nucleophiles on A and D rings a third receptor site
situated at one of the binding pockets (11P) could in-
teract with the ligand. These three sites are denoted
as A, B and C and as anticipated overall A>B~=C, i.e.
the A site provides the strongest interaction energy,
whereas B and C sites have approximately same
strength [7]. Four electronic interaction mechanisms
could be anticipated based on these three sites: A-B,
A—C, A-B-C (AD) and A only [13].

Results and Discussion

In conjunction with the nervous and immune sys-
tems, the endocrine system forms the main regulatory
mechanism that controls different pivotal functions
in the human or animal body. The messengers of the
endocrine system are hormones that are synthesized
and excreted at very low quantities from specialized
glands and transported to the target organ(s) via the
bloodstream. Hormones are transported in the blood
in the free state or attached to carrier proteins and
bind at the target organs to specialized hormone re-
ceptors on the cell surface or within the cell (nuclear
receptors). This hormone-receptor complex then ac-
tivates different cell or organ functions.

Estrogen receptor (ER) binding is a molecular ini-
tiating event much like protein binding [15] that may
lead to a series of adverse outcomes, which are typi-
cally linked to reproductive and development haz-
ards. It is an endpoint where several comprehensive
databases exist, which has lead to the development of
several approaches for using (Q)SARs to predict ER-
binding and possible subsequent endocrine disrup-
tion [1]. Popular among these are the “four phase” as-
sessment that includes Comparative Molecular Field

Analysis (CoMFA) [17] and the Common Reactivity
Pattern Approach (COREPA) [14]. The present work
showed that the QSAR approach in the OECD (Q)
SAR Toolbox has been used for identifying interac-
tion mechanisms for some endocrine disruptors in
Table 1.

Biotransformations are chemical reactions that
are catalyzed by microorganisms in terms of grow-
ing or resting cells or that are catalyzed by isolated
enzymes.

Biotransformation involves two stages: phase I,
mainly involving enzymatic activity from the cyto-
chrome P450 (CYP) family; and phase Il, catalyzed
by conjugation enzymes like glutathione S-trans-
ferase (GST), UDP-glucuronosyltransferase, and N-
acetyltransferase (NAT). Phase | enzymes promote
the activation of drugs and pro-carcinogens for the
genotoxic electrophilic intermediaries. Meanwhile,
phase II enzymes generally act as inactivating en-
zymes, that is, they catalyze the binding of interme-
diary metabolites to cofactors, transforming them
into more hydrophilic products, thus facilitating their
elimination [12]. Therefore, the coordinated expres-
sion and regulation of xenobiotic metabolizing en-
zymes (XMESs) in both phase I and phase II and their
metabolic equilibrium in the cells of target organs
can be important factors in determining susceptibility
to cancer as related to exposure to carcinogens [8].

In our previous experimental work, we measured
the percentage removal of substrate and reaction rate
of endocrine disruptors through oxidation by immo-
bilized on a polypropylene membrane enzyme lac-
case from Trametes versicolor under standard condi-
tions [5].

Table 1. Observed values, predicted ER and protein binding of selected endocrine disruptors

No CAS Name of Observed values | Predicted Protein
" | number compounds RBA, % ER binding binding
1 | 108-95-2 Phenol 0 Weak binder, OH | No binding
. Very strong .
2 | 80-05-7 Bisphenol A 0.008 binder, OH No binding
3 | 136-83-4 2-Nonylphenol - Strong binder, OH | No binding
4 | 88-04-0 3,5-dimethyl-4- | _ Weak binder, OH | No binding
chlorophenol
2-Benzyl-4- . o
5 | 120-32-1 chlorophenol - Strong binder, OH | No binding
6 | 103-90-2 Paracetamol - Weak binder, OH | No binding
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The listed values show that our immobilized lac-
case is able to oxidize a wide range of phenolic sub-
strates. Taking as reference the phenol removal, i.e.
the removal percentage of 40% after 30 min of en-
zyme treatment under standard conditions, it is pos-
sible to conclude that some endocrine disruptors (no-
nylphenol and chlorophene) are oxidized by laccase

at a similar rate, other derivatives (paracetamol and
chloroxyphenol) at a smaller rate, and others (bisphe-
nol A) at higher rate.

Observed and predicted microbial metabolism,
estrogenic activity and protein binding of some se-
lected estrogenic compounds was predicted on the
OECD (Q)SAR Toolbox (Table 2).

Table 2. Observed and predicted microbial metabolism of some selected endocrine disrupting chemicals, their estrogenic

activity and protein binding.

OH

>

1) @

OH

weak binder, OH; No binding

2) Sy

non-cyclic structure;
Michael-type nucleophilic addition,
Schiff base formation

OH

3) Ham/\\/\)okm

non-cyclic structure; No binding

4) ”Oﬁov/\/ﬁm
non-cyclic structure; Michael-type
nucleophilic addition

5) HOI)(&A\CHZ

non-cyclic structure; No binding
(¢}

6) HO\K\H/KOH

CH; ©

non-cyclic structure; No binding
7) e

non-cyclic structure;
Schiff base formation

O\ /O
8) CHs OH
non-cyclic structure; No binding

9) o0

non-cyclic structure; No binding

Ne | CAS Name of Observed microbial metabolism/ Predicted microbial metabolism/
number compounds Estrogenic activity; Estrogenic activity;
Protein binding Protein binding
1 | 108-95-2 | Phenol 9 metabolites: 10 metabolites:

1 ) QDH

weak binder, OH; No binding
2) HOE/\/\\AO

non-cyclic structure;

Michael-type nucleophilic addition,
Schiff base formation

non-cyclic structure; No binding

4) Ho\ﬂ/f\/\cm

non-cyclic structure; No binding

non-cyclic structure; No binding

6) ?\ /o

CH, OH

non-cyclic structure; No binding
7) & cH,

non-cyclic structure;
Schiff base formation

HO.__CHs
8) 7(1)/
non-cyclic structure; No binding
9) Hc—o

non-cyclic structure;
Schiff base formation

10) Ho o

non-cyclic structure; No binding
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80-05-7

Bisphenol A

17 metabolites:
//O

) ok )
~OX
strong binder, OH;
Michael-type nucleophilic addition

) O~

very strong binder, OH;
No binding

3) @J\\@

very strong binder, OH; No binding

4 O
weak binder, OH;
Nucleophilic addition to ketones

5 ~O~<

O—CHj

weak binder, OH;
Arylcarboxylate aminolysis

6) O,
weak binder, OH; No binding

7 O

OH

weak binder, OH; No binding

8)

non-cyclic structure;
No binding

9) Hec=0

non-cyclic structure;
Schiff base formation

10) O

CHs

weak binder, OH;
Arylcarboxylate aminolysis

11) Fon
o
non-cyclic structure; No binding

12) so(()on

weak binder, OH; No binding

13) ~()-
weak binder OH; No binding

26 metabolites:

weak binder, OH;
Nucleophilic addition to ketones

2) =<

weak binder, OH; No binding

3 ~O<,

weak binder, OH;
Schiff base formation

9 O

weak binder, OH; No binding

OH /O
5 X
(e} OH
non-cyclic structure; No binding

6) ()

weak binder, OH; No binding

7) Q

weak binder, OH; No binding

8) OWOH

OH

non-cyclic structure;
Michael-type nucleophilic addition,
Schiff base formation

OH
9) ey
o

non-cyclic structure; No binding

10) HOW)J\ACHZ
non-cyclic structure; No binding

[¢]

1 1) HO\K\H/KOH

cHy ©

non-cyclic structure; No binding

o] /O
12) X

CH; OH

non-cyclic structure; No binding

13) & en

non-cyclic structure;
Schiff base formation
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14) HO O CHS OH

very strong binder, OH; No binding

OH

» 50

very strong binder, OH; No binding

OH

very strong binder, OH; No binding

17) O

weak binder, OH; No binding

HOYCH3

o

14)

non-cyclic structure; No binding

H,C—0

15)

non-cyclic structure;
Schiff base formation

16)

non-cyclic structure; No binding

Ho o

m O,

weak binder, OH; No binding

weak binder, OH; No binding

0

19) W/Kai

non-cyclic structure;
Michael-type nucleophilic addition,
Schiff base formation

2()) Ho\ﬂj/\/\IOH

non-cyclic structure; No binding
O\ OH
o
2 1 ) QNOH
HO \O

non-cyclic structure; No binding

O._OH

22) M¢
o OH

non-cyclic structure; No binding
OH

23) o
HO §O

non-cyclic structure; No binding

OH o

OH

OH o}

24) é%OH
o —0
OH

non-cyclic structure;

Nucleophilic addition to ketones
(o] OH

25) Ho\’)\/\4o
5 on

non-cyclic structure; No binding

H OWO
o

OH

26)

non-cyclic structure; No binding
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3 | 136-83-4 | 2-Nonylphenol | 0 26 metabolites:

1 ) %ﬂﬂ
\&OH strong binder, OH; No binding
2) @IHW\/O

strong binder, OH;
Schiff base formation

3) MO

strong binder, OH; No binding

4) @im\/yo
strong binder, OH; No binding

OH

5) OH

strong binder, OH; No binding
6) °

strong binder, OH; >
Nucleophilic addition to ketones

n O

OH

strong binder, OH; No binding

y O
strong binder, OH; No binding
9) OH

OH

strong binder, OH; No binding

10) g

)

~0

strong binder, OH;OH
Nucleophilic addition to ketones

OH

11) o

"
OH

Moderate binder, OH; No binding
OH
12) ©/W/\¢°

Moderate binder, OH; No binding

OH

strong binder, OH; No binding
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14) ©/\A<)

OH

strong binder, OH;
Nucleophilic addition to ketones

15 O

weak binder, OH; No binding

OH

Moderate binder, OH; No binding

1 7) o’jHV\(\/\)iw

non-cyclic structure;
Michael-type nucleophilic addition

18) N

non-cyclic structure; No binding

19) o S,

non-cyclic structure; No binding

20) " o
CHy ©
non-cyclic structure; No binding

21y >4
) CH, OH
non-cyclic structure; No binding

22) OACHa
non-cyclic structure;
Schiff base formation

23) "t

non-cyclic structure; No binding
24)

non-cyclic structure;
Schiff base formation

25) S
OH
non-cyclic structure; No binding

20)

CH; OH

non-cyclic structure; No binding
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4 | 88-04-0 | 3,5-dimethyl-4-| 0 11 metabolites:
chlorophenol ot
o 1) cr OH

/@ Moderate binder, OH; No binding

a o CH

non-cyclic structure; No binding
o $ OH
3) -

CHy

Without OH or NH, group;
No binding

oH  CHs

4) el Al

OH

CHs

non-cyclic structure; No binding

CHy /0
5) o o om
CH,
non-cyclic structure;
Michael-type nucleophilic addition

CHy

6) HOWO

o OH

non-cyclic structure; No binding

n

CHy OH
non-cyclic structure; No binding
8) HSC\%\éO
OH
non-cyclic structure; No binding
HO. 0
O Lk
CH; OH
non-cyclic structure; No binding
(0] 0
10) 77
CH, OH

non-cyclic structure;
Nucleophilic addition to ketones
Ho.__CH

m

o

non-cyclic structure; No binding

5 | 120-32-1 | 2-Benzyl-4- 0 22 metabolites:

chlorophenol .
n OO0

strong binder, OH; No binding
| D OXe.

Without OH or NH,; group;
No binding




Protein binding of metabolites for some endocrine disrupting chemicals

DOAPMALIMA, Tom LIX, ku. 1-4/2012

41

» o
Without OH or NH, group;
No binding

H Ok,

Without OH or NH,; group;
No binding

5 QX sx,

Without OH or NH, group;
Michael-type nucleophilic addition

6 O
Without OH or NH,; group;
No binding

7) @5_/0»—1

Without OH or NH,; group;
No binding

8) ©3J
Without OH or NH,; group;
Schiff base formation

Without OH or NH, group;
No binding

DING e
Without OH or NH,; group;
No binding

WO

Moderate binder, OH; No binding

12) Aol

non-cyclic structure;
Michael-type nucleophilic addition

13) M’\\w

non-cyclic structure; No binding

14) HZCWO%H

non-cyclic structure; No binding

o

non-cyclic structure; No binding
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o /O
16) X

CH; ©OH

non-cyclic structure; No binding

17) ¢ cms

non-cyclic structure;
Schiff base formation

1 8) Hojc‘)/CHs

non-cyclic structure; No binding

19) °7wf

non-cyclic structure;
Schiff base formation

OH
20) o =0
g
non-cyclic structure; No binding

2y 4

CHy OH

non-cyclic structure; No binding

22) HO. 0}

] OH
non-cyclic structure; No binding
6 | 103-90-2 | Paracetamol 0 8 metabolites:

o @

weak binder, NH2;
weak binder, OH; No binding

OT:NH 2) Ho—( »—OH

weak binder, OH; No binding

3) HO
weak binder, OH; No binding

OH

) K

OH OH

non-cyclic structure; No binding

OH /O
5) OW h\/oH
non-cyclic structure;
Michael-type nucleophilic addition

6 T’
o OH
non-cyclic structure; No binding
o}
7) c/}-{jéOH

non-cyclic structure; No binding

8) HOWO/

non-cyclic structure; No binding

CH,
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Protein binding for all parent compounds is ob-
served to be no binding but some of metabolites with
estrogenic activity have been demonstrated protein
binding (Table 2). For example, bisphenol A is not
bound to protein but the first observed metabolite
binds to protein by Michael-type nucleophilic addi-
tion.

Conclusion

Metabolism plays a significant role in bioactiva-
tion and/or deactivation of endocrine active substanc-
es (EASs). The presence of hydroxy or keton groups
and aromatic moieties play an important role in the
mechanism of action of EASs. To prevent persistence
and bioaccumulation/magnification, many modern
synthetic compounds are readily metabolized to more
polar forms often containing one or more hydroxyl
groups. This enhanced ability to undergo biotransfor-
mation also has increased the potential for the for-
mation of more EASs. The additional and consistent
testing of metabolites for endocrine-disrupting prop-
erties should be encouraged in the future in order to
establish a better risk assessment process for these
types of compounds.
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